Gallium arsenide (GaAs) nanowire array (NWA) photocathodes have unique electrical and optical properties. Based on studies about photon absorption, band structure, and electron transport properties of GaAs nanowire, a photoemission model for GaAs NWA photocathodes is established. According to the model, we simulate and analyze the photocurrent, spectral response, and absorption properties of ordered GaAs NWA photocathodes. The results present a very interesting phenomenon; the photocurrent and spectral response peak at incident angles of 20°and 30°, respectively. These special properties of NWA cathodes differentiate them from their thin film counterparts. We also analyze the effects of nanowire length and diameter on the photocurrent of NWA cathodes, and find the optimum height of the nanowires is 10 μm. This study shows that NWAs exhibit higher absorbance and excellent charge transport. Thus, GaAs NWA photocathodes are excellent candidates for electron sources.
Introduction
Negative-electron-affinity (NEA) gallium arsenide (GaAs) photocathodes have high quantum efficiency, good long-wavelength response, and high spin polarization. Thus, these photocathodes have several important applications, including night vision image intensifiers, photo-multiplier tubes, polarized electron sources for next-generation electron accelerators, and electron beam lithography [1] [2] [3] [4] [5] . The quantum efficiency, electron spin polarization, stability, and reflectivity of GaAs film photocathodes have been widely investigated [6] [7] [8] [9] [10] . In the GaAs film photocathodes, the photoelectrons can only be emitted when they have been transported to the cathode surface. This scenario increases the chance of recombination and decreases the spectral response. In addition, the reflectivity over the wavelength region of interest for GaAs film photocathodes is greater than 30%, which drastically affects the absorption of photons.
Semiconductor nanowire arrays (NWAs), one of the most attractive nanomaterials, have shown increasing potential to revolutionize the area of nanowire photocathodes. Considering the effect of photon capture, the NWAs can absorb light by more than one order of magnitude than thin films when photons are guided and absorbed in the wire [11] . Given their particular geometric structure, nanowires can possess both short transport distances and long optical paths for efficient light absorption to ensure the collection of photogenerated charge carriers before they recombine [12] [13] [14] [15] [16] . GaAs NWAs can be successfully fabricated via two classes of methods: bottom-up (growth) methods [17] [18] [19] [20] and top-down (etching) methods [21, 22] . However, to date, the photoemission characteristics of NEA GaAs NWA photocathodes have not been reported. In this work, combined with the advantages of NWAs and NEA photocathodes, we establish a photoemission model of GaAs NWA photocathodes; simulate and analyze the effects of incident angle, wavelength, size, and absorption on the photoemission characteristics of GaAs NWA photocathodes; and discover the photoemission mechanism of nanowire cathodes.
Photoemission model
The photoemission of a photocathode can be explained using the photoemission 'three-step model,' which comprises photoelectron generation, electron transport to the surface, and escape across the surface into vacuum [23] . In this work, a coupled optoelectronic simulation is presented to investigate the potential photoemission efficiency of GaAs NWA photocathodes. The optical generation distribution around the NWs is calculated using ray tracing techniques, as shown in figure 1(a) . Figure 1(a) shows that reflection and absorption occur in between the NWAs, which demonstrates the effect of photon capture. Figure 1(b) shows the electron density distribution of a nanowire, which is determined by photon absorption, electron diffusion, and emission. All the electrons reach the cathode surface either through emission or recombination, so the electron density is 0 at the emission surface of NWs.
A very thin Cs/O layer is deposited on the top and sidewall surface of the GaAs NWAs, which results in negative electron affinity around the NWs. An interesting band structure is formed in the NEA GaAs NW photocathodes. In this band structure, the vacuum level around the NWs is lowered below the bulk conductionband minimum, as shown in figure 2 . The electrons excited by the incident photons in the NWs diffuse toward the top or sidewall surface of NW cathodes. A large number of electrons that diffuse to the NW cathode surface tunnel through the surface barrier and are subsequently emitted into the vacuum. This phenomenon is attributed to the NEA surface. As shown in figure 2 , the electrons only travel a short distance to the sidewall or top surface of the NW photocathodes; therefore, the electrons can be emitted into the vacuum around the NW photocathodes with less electron recombination. Band structure schematic of a GaAs NW photocathode. E c is the conduction band minimum, E v is the valence band peak level, hv is photon energy, d is the width of surface band bending region (BBR), δ s is the height of the surface band bending, E F is the Fermi level, and E g is the width of band gap.
The photoemission characteristics can be determined by the spectral response of cathodes. The spectral response of GaAs NWA photocathodes can be obtained by the solution of three-dimensional coupled Poisson and continuity equations. According to the diffusion model in semiconductors, the three-dimensional Poisson and continuity equations in the GaAs NWA photocathodes can be expressed as follows:
where n and p are the electron and hole concentrations, respectively; μ n and μ p are the electron and hole mobilities, respectively; U is the total carrier recombination rate; and G is the carrier generation rate.
The nonequilibrium electrons and holes recombine throughout the entire active layer at a rate U via three basic recombination mechanisms, namely, radiative, Shockley-Read-Hall, and Auger recombination. The carrier generation rate G in NW photocathodes can be obtained from optical simulations using ray tracing techniques. Light reflection, absorption, and refraction between different NWs, which are related to number and relative position of NWs, are all considered in ray tracing techniques. The reflection, absorption, and refraction vary with incident angle, then the angle has effect on G. In addition, the absorption coefficient of GaAs varies with light wavelength. Accordingly, the carrier generation rate G is a function of wavelength and incident angle.
Both the top and sidewall surface of NW photocathodes are emission boundaries, and the bottom of NWs is connected with the GaAs substrate. In this case, the Poisson and electron transport continuity equations in NW photocathodes are very complex and do not have an analytical solution. In this work, the coupled Poisson and continuity equations are solved numerically, and the theoretical model is established using a finite volume method. Because G is a function of wavelength and incident angle, the charge carrier distributions (n and p) obtained by solving equation (1) are a function of wavelength and incident angle as well. According to the current density equations, the photocurrent can be calculated from n and p, then the spectral response of the GaAs NW photocathodes as a function of photocurrent is given by:
where I(λ, θ) is the photocurrent of NW cathodes, P is the incident light power, and θ is the incident angle.
Simulation and discussion
To determine the photoemission characteristics of GaAs NWA photocathodes, we use the photoemission model for simulating the ideal-ordered 5×5 GaAs NWA photocathodes. The photocurrent and spectral response as a function of incident angle, wavelength, diameter, and height of GaAs NWA photocathodes are calculated.
The GaAs material parameters used in the simulation are listed in table 1. Unless otherwise mentioned, the model parameters of the NWAs and incident light used in this work are as follows: length, 8 μm; diameter, 1 μm; ratio of the diameter and center distance of the adjacent NWs, 0.5; incident light intensity, 1 W cm
; incident angle, 30°; and incident wavelength, 450 nm. The light is illuminated from the top of NWs, and the incident angle of 0°is defined as the angle along the axial NWs.
The photocurrent and spectral response of GaAs NWA photocathodes as a function of incident angle and wavelength are shown in figure 3 . Figure 3 (a) presents a very interesting phenomenon; with increasing incident angles, a peak is present on the photocurrent spectral at about 20°, whereas the photocurrent for a film photocathode decreases with increasing incident angles. When light with an incident angle of 0°illuminates on the GaAs NWAs, only top surfaces of NWs absorb the light. Because light reflection, absorption, and refraction between different NWs are related to incident angle, as can be seen in figure 1(a) , the absorption of GaAs NWs increases with increasing incident angles, which is attributed to the increase in absorption on the sidewall surfaces of NWs. However, when the angle reaches a certain value, the sidewall surface absorption of a NW gradually decreases because of the increased shading from other NWs. These special properties of NWA cathodes differentiate them from their thin film counterparts. Figure 3(b) shows the spectral response calculated by the photocurrent in figure 3 (a) using equation (2). Although not apparent, a peak is present on the spectral response at about 30°. At incident angles larger than 30°, the offset of the decreased photocurrent and the increased effective optical power leads to a slight change in the spectral response. Notably, an uptrend of 750 and 850 nm occurs after 50°, which is attributed to the good long-wavelength response, small denominator, and cosine of large incident angles in equation (2) . Figure 4 shows more clearly that the peaks of the photocurrent ( figure 4(a) ) and spectral response ( figure 4(b) ) occurs at about 20°and 30°, respectively. With the increase in wavelength, the spectral response slightly changes at an identical incident angle, which suggests a balance between photon absorption and electron transport. Considering that the absorption coefficient decreases abruptly near 870 nm, the spectral response drops dramatically at this cutoff wavelength. Both photocurrent and spectral response at normal incidence (0°) are lower than those at other angles because of the vertical orientation of the wires. Figure 5 shows the effects of NW height on the photocurrent ( figure 5(a) ) and spectral response ( figure 5(b) ). The spectral response increases with increasing NW height when the NW height is less than 10 μm. The increase in spectral response at long wavelengths is more pronounced, which is attributed to the stronger effect of photon capture in the NWA photocathodes when the NW height increases, especially for long wavelength photons. However, the light absorption becomes saturated as the NW height reaches 10 μm. Both the photocurrent and spectral response will decline to a small degree when the NW height increases continuously. This confounding result may be due to more chances of electron recombination in a photocathode with increasing NW height.
To analyze the spectral response more comprehensively, simulations for GaAs NWA photocathodes with different NW diameters are carried out, and the results are shown in figure 6 . The spectral response of photocathodes with NW diameter of 1 μm is better than that of photocathodes with NW diameter of 2 μm. A smaller diameter reduces the photoelectron transport distance, which decreases electron recombination, so that more photoelectrons can diffuse to the emission surface and emit into vacuum more easily. At the incident angle of 0°, the spectral response slightly changes under different diameters, which is due to the fact that absorption around the sidewall of NWs is not considered.
To gain a better understanding of the role of NWA structure in light absorption and photoemission enhancement, the absorption of NWA photocathodes should be compared with that of film photocathodes. We calculate the absorption of 5×5 GaAs NWA photocathode, and the results are shown in figure 7 . The absorption of an 8 μm thick GaAs film is also plotted in the figure for comparison [24, 25] . In short wavelengths, the absorption of NWA is much higher than that of thin film. Due to suppressed reflection, NWAs display greatly enhanced absorption over a broad range of wavelengths (400-700 nm). The small difference between flat thin film and NW arrays after 700 nm is mainly due to the lack of accurate parameters for simulation near the band gap. 
Conclusions
In summary, a photoemission model for GaAs NWA photocathodes is established based on the numerical solution of three-dimensional continuity equations. According to the model, we have performed simulations and achieved some interesting results. The results reveal that the photocurrent and spectral response have a peak response at the incident angles of 20°and 30°, respectively. The spectral response of NWA photocathode with diameter of 1 μm is higher than that of NWA photocathode with diameter of 2 μm, and the height of NWs demonstrates saturated light absorption at about 10 μm. Finally, upon comparing the absorbance of GaAs NWAs and GaAs films, the absorbance of NWA is much higher than that of thin film. GaAs NWA photocathodes have good potential applications in parallel electron beam lithography and high performance vacuum electron sources because of their short transport distances and long optical paths for efficient light absorption. The presented simulation results can help optimize and fabricate GaAs NWA photocathodes.
